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Abstract: Light trapping is becoming of increasing importance in 
crystalline silicon solar cells as thinner wafers are used to reduce costs. 
In this work, we report on light trapping by rear-side diffraction 
gratings produced by nano-imprint lithography using interference 
lithography as the mastering technology. Gratings fabricated on 
crystalline silicon wafers are shown to provide significant absorption 
enhancements. Through a combination of optical measurement and 
simulation, it is shown that the crossed grating provides better 
absorption enhancement than the linear grating, and that the parasitic 
reflector absorption is reduced by planarizing the rear reflector, leading 
to an increase in the useful absorption in the silicon. Finally, electro-
optical simulations are performed of solar cells employing the 
fabricated grating structures to estimate efficiency enhancement 
potential. 
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1. Introduction 
Photovoltaic modules employing wafer-based crystalline silicon (c-Si) solar cells 
currently dominate the solar cell market. The used silicon feedstock accounts for a large 
part of the module cost. Reducing the volume of silicon used by reducing the solar cell 
thickness while maintaining the efficiency is therefore considered a key topic in cost 
reduction. High quality c-Si wafers have been realized with thicknesses in the range of 40 
µm and successfully processed into solar cells with over 20% conversion efficiency [1]. 
Due to the indirect bandgap of c-Si, photons in the wavelength range close to the c-Si 
band edge (~1.2 µm) are absorbed weakly. This effect is more pronounced for thinner 
wafers. The use of so called light-trapping schemes to enhance absorption are therefore of 
increasing importance. 
We report on light trapping using rear-side diffraction gratings. In this scheme, the 
diffraction grating serves to deflect weakly absorbed photons into oblique orders, some of 
which are confined by total internal reflection at the front surface. This increases their 
optical path length within the absorber, increasing absorption. Diffraction gratings were 
first proposed for thin-film solar cells by Sheng et al. [2], and later for wafer-based solar 
cells by Heine and Morf [3]. More recent studies of wafer-based applications can be 
found in [4, 5]. 
To be relevant to solar cell production, well defined diffraction gratings must be 
reproduced on full-wafer areas with high throughput. This can be achieved using 
nanoimprint lithography (NIL) with interference lithography as the mastering technology 
[6–8]. NIL has been used to texture c-Si wafers with linear and crossed micron-scale 
gratings in this work. The process also has up-scaling potential, as shown by a recently 
developed NIL roller tool [9]. 
Previous numerical results have shown that the presence of a rear-side grating causes 
an increase in the photon absorption in the rear reflector [10]. This absorption is parasitic 
and detracts from the useful absorption in the silicon. In the same reference, it is 
predicted that this parasitic absorption is decreased if the reflector is planar, as opposed to 
conformal with the grating texture. To investigate this point, two dielectric buffer layer 
(DBL) deposition processes have been investigated. One produces a conformal reflector 
and the other produces a planar reflector. Other authors have proposed distributed Bragg 
reflectors [11, 12] or three-dimensional photonic crystal back reflectors [13] to prevent 
reflector absorption. We focus on metal reflectors since they are considered a cheaper 
solution. 
In section 2 of this paper, the details are given of the wafer texturization by NIL, of 
the two rear-side DBL deposition processes and of the processing of textured wafers into 
solar cell precursors for optical measurements. In section 3, both the optical and electrical 
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simulation techniques used to simulate the fabricated structures are described. In section 
4, the measured and simulated absorption spectra of all samples are presented. The effect 
of the rear reflector planarization is discussed and comparison is made between the linear 
and crossed grating for light trapping. Efficiency enhancements predicted by the 
combined optical and electrical simulations are presented. In section 5, conclusions are 
drawn. 
2. Experimental details 
2.1. Outline of the solar cell precursor structure 
Solar cell precursors employing rear-side diffraction gratings were fabricated for optical 
characterization. These consisted of c-Si wafers coated with a 63 nm thick SiN anti-
reflection coating (ARC) on the front side and with a diffraction-grating texture etched 
into the rear side. Behind the grating was a silicon oxide DBL followed by an Al 
reflector, this combination is known to provide a good rear reflector [14]. Although this 
work is ultimately aimed at application to wafers with thicknesses around 40 µm, we 
have used 200 µm thick monocrystalline silicon wafers in this study, due to availability 
and ease of handling. A schematic of the solar cell precursor structure is shown in Fig. 
1(a). 
 
Fig. 1. (a): A schematic diagram of the solar cell precursors fabricated in this work. (b): A 
photograph of a nanoimprinted linear grating on a 4-inch c-Si wafer. (c) and (d): SEM 
micrographs of linear (c) and crossed (d) diffraction grating textures in c-Si wafers 
produced by the described NIL based process chain. 
2.2. Nano-texturing of the wafer rear side 
The diffraction grating textures were realized on the wafer rear-side by NIL with 
interference lithography as a mastering technology, followed by reactive ion etching 
(RIE). This technique allows fine-tailored nanostructures to be realized on large areas 
with high throughput: a necessity for industrialization. A detailed description of the 
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process chain can be found in [8, 15]. A brief description is given here. The master 
structures were realized on glass substrates coated with positive photoresist by two-wave 
interference lithography followed by a development step. The line grating masters were 
realized by a single exposure. The crossed grating masters were realized by two 
exposures with a 90° rotation of the substrate in between. An inverse relief of the master 
structure was replicated on an addition-curing polydimethylsiloxane (PDMS) stamp by 
cast molding. The silicon wafer is then coated on the rear side with a low viscosity free-
radical curing NIL resist. The stamp was pressed onto the resist and pressure was 
maintained while the resist was exposed to UV light through the transparent stamp. This 
left a positive replica of the master structure on the photoresist. The pattern was then 
transferred into the underlying silicon wafer by RIE. The RIE is strongly anisotropic, 
favoring etching normal to the wafer plane. The grating depth is determined by the 
etching time and can be controlled accurately. The photoresist was removed by plasma 
ashing. 
We wished to produce binary gratings with 50% duty cycle. For both the line and 
crossed gratings, a period of 1 µm was chosen, this having been predicted as the optimum 
period for 40 µm thick c-Si cells using numerical calculations [10, 16]. The grating depth 
was 300 nm for the line grating and 200 nm for the crossed grating. These depths had 
been found to provide the greatest absorption enhancement in preliminary experiments. 
SEM micrographs of line and crossed gratings etched into the silicon substrates before 
the DBL deposition are shown in Figs. 1(c) and 1(d) respectively. Figure 1 (b) shows a 
photograph of a nanoimprinted linear grating on a 4-inch silicon wafer. 
2.3. Deposition of the DBL and Al rear reflector 
After texturization, the silicon oxide DBL was deposited on the textured surface followed 
by the thermal evaporation of the Al reflector. We wished to investigate the effect of 
reflector planarization on the parasitic reflector absorption. The surface profile of the Al 
reflector is determined by the surface profile of the underlying DBL. Two types of DBL 
deposition process have therefore been investigated. The first was plasma enhanced 
chemical vapor deposition (PECVD). In this vapor phase process, a layer of SiO2 is 
deposited conformally with the surface texture, causing the subsequently deposited Al 
reflector to be conformal with the grating. The second technique was deposition of a 
dispersion of colloidal silica nanoparticles onto the textured surface by spin coating, 
which later dried in air. This liquid phase process leaves a layer with a planar surface 
even when the underlying substrate is textured. The Al reflector is then grown on this 
surface. Preliminary experiments were made to deposit a SiO2 layer on textured 
photoresist-on-glass substrates by spin coating with the aim of achieving a flat surface. 
The result is shown in Fig. 2. 
 
Fig. 2. A planar SiO layer deposited on a textured photo-resist-on-glass substrate via spin 
coating. 
The rear of solar cell precursors with linear diffraction gratings employing the 
PECVD DBL and spin-coated DBL are shown in Figs. 3(i) and 3(ii) respectively. The 
#181212 - $15.00 USD Received 5 Dec 2012; accepted 21 Jan 2013; published 27 Feb 2013
(C) 2013 OSA 11 March 2013 / Vol. 21,  No. S2 / OPTICS EXPRESS  A298
PECVD technique clearly produces a reflector that is conformal with the diffraction 
grating. The spin-coating technique has not produced a perfectly planar reflector, as had 
been expected, but a slightly modulated one. This is despite the silicon oxide surface 
being planar before Al deposition. We attribute this to thermally induced densification of 
the nanoporous silicon oxide layer during the aluminium evaporation process, during 
which surface temperatures in the range of 200°C can be expected. Nonetheless, the Al 
surface is clearly more planar for the spin-coating method than for the PECVD method. 
The effect of imperfect reflector planarization on the parasitic absorption is investigated 
in Section 4. 
 
Fig. 3. SEM micrographs of the cross section of the rear side of two solar cell precursors 
with linear grating textures. (i): DBL deposited by PECVD. (ii): DBL deposited by spin-
coating. 
2.4. Summary of fabricated samples 
Solar cell precursors where fabricated with rear-side linear and crossed grating textures. 
The PECVD DBL deposition technique was applied to both a linear and a crossed grating 
structure. The spin-coated oxide layer was only applied to a linear grating structure. A 
planar reference was also fabricated. This consisted of a 200 µm thick crystalline silicon 
wafer with a 63 nm SiN ARC on the front side and a 500 nm thick PECVD SiO2 DBL 
followed by an Al reflector on the rear side. Table 1 shows the relevant information for 
each sample. The rear sides of samples B and C are those pictured in Figs. 3(i) and 3(ii) 
respectively. 
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Table 1. Grating Type and DBL Deposition Technique for Each Sample 
Sample 
name 
Grating 
type 
DBL deposition 
technique 
ref no grating PECVD 
A crossed PECVD 
B linear PECVD 
C linear Spin-coating 
2.5. Optical characterization 
The wavelength dependent absorption of all solar cell precursors was measured by 
reflection spectroscopy using a Fourier transform spectrometer and an integrating sphere. 
The absorption was calculated by Absorption = 1 – Reflection, under the assumption that 
there is zero transmission through the 2 µm thick Al reflector. 
3. Simulation techniques 
3.1. Optical simulation technique 
The measured absorption from the optical characterization is the sum of the useful 
absorption in the silicon and the parasitic absorption in the reflector. Optical simulations 
of the fabricated solar cell precursors were therefore performed, allowing the absorption 
in the silicon and in the aluminium to be calculated explicitly. The optical simulation 
technique used is that presented in [17]. The diffraction-grating region is simulated wave-
optically using rigorous coupled wave analysis (RCWA) to yield a far-field intensity 
scattering matrix. This is combined with a simple steady state matrix formalism, which 
describes the propagation of the diffracted orders within the silicon bulk. The orders in 
the bulk are treated incoherently. This is a good approximation for structures whose 
absorber thickness is more than an order of magnitude greater than the coherence length 
of the incident light (~1µm for solar illumination). The complex refractive indices of all 
materials used are taken from the literature [18] or have been obtained by ellipsometry 
measurements. For all simulations, we have assumed normal incidence by a cone of light 
of apex half-angle 0.26°, corresponding to direct on-axis solar illumination without 
concentration. 
3.2. Electrical simulation technique 
To estimate the efficiency enhancements that would be achieved if the fabricated solar 
cell precursors were further processed into solar cells, optically simulated depth 
dependent photogeneration profiles were used as input parameters for PC1D simulations 
[19]. For each grating structure, the depth dependent current generation in the cell is 
calculated using the simulation technique described in the previous section. 
Relevant cell parameters for the solar cell simulations were: p-type 1 Ωcm material 
with a bulk minority carrier lifetime of 1 ms; a Gaussian shaped 120 Ω/  emitter with a 
peak doping density of 1x1019 cm-3 and a junction depth of 1 µm; an effective front 
surface recombination velocity of 1000 cm/s. Shading losses due to front side 
metallization were not considered within this work. 
It has been assumed that the impact of the grating on the electrical parameters can be 
described by adjusting the effective rear surface recombination velocity (Sback). Typically, 
texturing of the silicon wafer leads to increased Sback due to surface enlargement and 
plasma damage. Recently, a solar cell structure was presented in which the diffraction 
grating is electrically insulated from the electrically active region [20]. This was achieved 
by depositing a thin layer of Al2O3 on the un-textured rear side of the Si wafer by atomic 
layer deposition, followed by an amorphous silicon (a-Si) layer. The a-Si layer was then 
textured using the same NIL process used in this work, producing a diffraction grating 
that is electrically isolated from the solar cell. Lifetime measurements showed the 
recombination velocity of the passivated rear surface (Spass) to be as low as 11cm/s after 
texturing, as opposed to 8 cm/s before. 
We assume the rear of the solar cell to be metalized via laser-fired-contacts (LFC 
[21]). We therefore calculate an effective Sback based on the assumptions and 
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optimizations described in [22]. The most important assumptions are a contact pitch of 
800 µm (optimized for 1 Ωcm material and 200 µm wafer thickness) and a contact radius 
of 45 µm leading to a metallized fractional area of 1%. The surface recombination 
velocity for the metallized areas was determined to be 11.3x103 cm/s, also according to 
[22], and the remaining area was taken to have a surface recombination velocity of Spass 
described in the previous paragraph (11cm/s for the textured cells and 8 cm/s for the 
reference cell). These values were then used as input for the equation introduced in [23] 
to calculate an effective Sback . The resulting values for the effective Sback were 61 cm/s 
and 64 cm/s for 200 µm thick wafers with the planar and the textured rear respectively. 
For 40 µm thick wafers, the same model was applied, leading to corresponding values of 
69 cm/s and 72 cm/s. 
3.3. The simulated structures 
The simulated geometries are shown in Fig. 4. The geometries for A and B and C have 
been deduced from SEM images of the respective samples. The slightly modulated 
reflector of sample C (see Fig. 3(ii)) has been included in the simulated structure (Fig. 
4(c)). To investigate the effect of this slight modulation, and to predict what can be 
achieved if the reflector were further planarized, an additional geometry has been 
simulated, which is identical to sample C, but has a perfectly planar reflector. This is 
labeled sample D, and is shown in Fig. 4(d). It is stressed that sample D is purely 
theoretical and does not represent a structure that has actually been fabricated in this 
work. 
 
Fig. 4. The simulated geometry for each grating structure. Each image is labeled with the 
corresponding sample name. In A, the transparent layer between the Si and the Al 
represents the DBL. 
4. Results and discussion 
4.1. Measured and simulated absorption spectra 
The absorption is shown for each sample in Fig. 5. The red circles show the measured 
total absorption and the black curves show the simulated total absorption. Only the 
wavelength range for which an appreciable number of photons reach the gratings has 
been plotted. Good agreement is observed between the measured and simulated total 
absorption. This gives confidence in the simulations as a tool for quantitative analysis. 
The simulated absorption has been decomposed into the useful Si Absorption and the 
parasitic Al absorption; these are respectively the green and blue curves in Fig. 5. To 
summarize this data, the following absorbed photocurrent densities have been calculated 
and are given for each sample in the insets of the figure. 
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where GAm 5.1Φ  is photon flux of the Am1.5G spectrum, eq  is the elementary charge, 
and Siabs  and Alabs  are respectively the absorption in the Si and Al. The jph,Si is the 
useful absorbed photocurrent density and represents the upper limit for the jsc, which 
would be achieved if all photo-generated carriers were to reach the external contacts. The 
jph,Al is simply the number of photons that are absorbed in the aluminium expressed as a 
current density for ease of comparison. Only photons with energy above the c-Si band 
edge are included in the latter calculation. 
 
Fig. 5. Absorption spectra for the solar cell precursors employing the grating structures. 
The structure name is shown in the top left of each graph. Red circles show the measured 
total absorption, black curves show the simulated total absorption, green curves show the 
simulated silicon absorption, and blue curves show the simulated aluminium absorption. 
The calculated jph,Si and jph,Al for each structure is shown in the inset of each graph. 
Both the measured and simulated results show that the diffraction gratings provide 
significant absorption enhancements in the wavelength range of interest, compared to the 
reference. Samples A and B respectively have crossed and linear gratings; however, they 
are otherwise equivalent in that the gratings are binary with a deep binary modulation in 
the reflector. Sample A has a higher jph,Si than sample B; this supports previous theoretical 
predictions that bi-periodic gratings are better for light trapping than uni-periodic gratings 
[17, 24]. However, Sample A also has a higher jph,Al than sample B; this suggests that the 
advantage of a bi-periodic grating is somewhat mitigated by an increased parasitic 
absorption. This could be because, for the bi-periodic grating, a greater number of orders 
are excited in the DBL and because photons with both TE and TM polarizations are more 
effectively coupled into the reflector. 
Comparing sample C with sample B, the simulations suggest that the reflector 
planarization achieved using the spin-coating DBL deposition method does indeed cause 
a reduction in the parasitic absorption and consequently an increase in the useful silicon 
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absorption. The results for sample D suggest that this could be improved if the novel 
deposition process were developed further to achieve a perfectly planar reflector. 
To increase confidence in the simulated results, the polarization dependent reflection 
spectrum has been measured and simulated for sample B. This is shown in Fig. 6. Good 
agreement is achieved between the measured and simulated reflection spectra. 
Particularly, both measurement and simulation show that TE absorption is stronger than 
TM absorption for λ < 1.1 µm, where the Si absorption is dominant; whereas TM 
absorption is stronger than TE absorption for λ > 1.1 µm, where the Al absorption is 
dominant. This suggests that the simulation technique is calculating both the Si and Al 
absorption accurately. It should be mentioned that the spectrometry measurement was 
taken with an incident-beam angle of 8°, whereas the simulation assumed normal 
incidence. 
 
Fig. 6. The measured and simulated polarization dependent reflection spectrum for 
Sample B. TE refers to transverse electric and TM to transverse magnetic polarization. 
4.2. Simulated IV characteristics and efficiencies 
The predicted IV characteristics for 200 µm thick and 40 µm thick solar cells are 
presented in Tables 2 and 3 respectively. In each case, the absorption profile has been 
calculated as described in Section 3.1 and the IV characteristics have been calculated as 
described in Section 3.2. The absolute efficiency enhancement refers to the difference 
between each grating-equipped cell and the reference. Results are not presented for 
sample D, since it is based on a structure that has not been fabricated in this work. The 
efficiencies have to be seen as upper limit for the given jsc and Voc values, since ideal cell 
parameters for series and parallel resistances were assumed, leading to an ideal fill factor 
of around 84%. Structure A — the crossed grating — gives the highest efficiency 
enhancement for both cell thicknesses. Furthermore, it can be seen that the absolute gain 
in efficiency is more pronounced for the 40 µm thick cells; a maximum gain of 1.6% 
absolute can be achieved under the given assumptions. What’s more, the high values for 
Voc for all samples indicate that the introduction of a rear side grating is not necessarily 
related to degraded electrical characteristics. 
Table 2. Predicted IV Characteristics of 200 µm Thick c-Si Solar Cells Employing 
Each Grating Structure 
Structure 
Name 
jsc 
(mAcm−2) 
Voc 
(mV) 
η 
(%) 
Δη 
(%) 
Ref 36.5 685.8 21.1  
A 38.0 686.1 22.0 0.9 
B 37.3 685.7 21.6 0.5 
C 37.8 685.9 21.9 0.8 
jsc: short circuit current density, Voc: open circuit voltage, η: efficiency, Δη: 
absolute efficiency enhancement compared to planar reference. 
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Table 3. Predicted IV Characteristics of 40 µm Thick c-Si Solar Cells Employing 
Each Grating Structure 
Structure 
Name 
jsc 
(mAcm−2) 
Voc 
(mV) 
η 
(%) 
Δη 
(%) 
Ref 33.7 686.2 19.5  
A 36.4 687.2 21.1 1.6 
B 35.0 686.4 20.3 0.8 
C 35.9 686.9 20.8 1.3 
Symbols as defined in Table 2
 
5. Conclusions 
Monocrystalline silicon (c-Si) wafers have been textured with diffraction gratings using 
NIL with interference lithography as the mastering technology. Both linear and crossed 
gratings have been produced with binary profiles, close to 50% duty cycles, 1 µm periods 
and depths of a few hundred nanometers. Dielectric buffer layers and rear reflectors have 
been deposited on the textured surface, comprising an effective rear-side light trapping 
structure for solar cells. Two deposition techniques have been employed to apply a 
dielectric buffer layer between grating and reflector: a conventional PECVD method and 
a method consisting in spin-coating of a dispersion of colloidal SiO2 nano-particles. The 
former causes the subsequently deposited reflector to be conformal with the grating 
texture and the latter causes it to be planar. 
Solar cell precursors employing the grating structures have been fabricated and the 
absorption has been measured by reflection spectroscopy. Optical simulations of the 
fabricated structures have also been performed, allowing the total absorption to be 
decomposed into useful absorption in the silicon and parasitic absorption in the rear 
reflector. Excellent agreement is observed between the measured and simulated 
absorption spectra. Significant absorption enhancements are observed for the grating 
structures compared to the planar reference. The crossed grating is shown to provide 
better absorption enhancement than the equivalent linear grating. The grating with a 
planarized reflector is shown to cause a lower parasitic absorption and higher useful 
absorption than the grating with the conformal reflector. 
The efficiency potential of the fabricated solar cell precursors has been estimated 
using a PC1D simulation. The depth dependent photogeneration determined using the 
optical simulations of the fabricated grating geometries were used as input parameters. 
Measured values for the passivated rear surface recombination velocity were used to 
estimate the effective rear surface recombination velocity of a locally contacted cell. As a 
result of these simulations, it can be concluded that the introduction of such a photonic 
structure on the wafer rear can be achieved and still excellent values for the open circuit 
voltage can be expected. The gain in the short circuit current density for the crossed 
gratings leads to efficiency enhancements of up to 0.9% and 1.6% absolute for 200 µm 
and 40 µm thick wafers with planar front respectively. 
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